Background: An ancestral trait of eukaryotic cells is the presence of mitochondria as an essential element for function and survival. Proper functioning of mitochondria depends on the import of nearly all proteins that is performed by complexes located in both mitochondrial membranes. The complexes have been proposed to contain subunits formed by proteins common to all eukaryotes and additional subunits regarded as lineage specific. Since Amoebozoa is poorly sampled for the complexes we investigated the outer membrane complexes, namely TOM, TOB/SAM and ERMES complexes, using available genome and transcriptome sequences, including transcriptomes assembled by us.
Background
Mitochondria are the cell's "power house" and serve as a reservoir of factors, which reinforce signals for cell life and death. Therefore, mitochondria are vital for the majority of eukaryotes. Their construction is based on the outer and inner membranes, which form two internal aqueous compartments: the intermembrane space and matrix. During the evolution of a eukaryotic cell, mitochondria retained the genetic system of a prokaryotic ancestor in a form of mitochondrial DNA localized in mitochondrial matrix. However, this encodes only one to ten per cent of all mitochondrial proteins whereas the remainder mitochondrial proteins in present-day cells were left to be encoded by nuclear genes [1, 2] . These include proteins encoded by genes that were transferred from the prokaryotic endosymbiont to the nucleus, as well as by new genes that arose during eukaryotic evolution. Moreover, the import concerns all proteins of the mitochondrial outer membrane and the intermembrane space, as well as the majority of the inner membrane and matrix proteins (e.g. [3] ).
Undoubtedly, the import of proteins into the mitochondria is crucial for the proper function of mitochondria and its implementation requires the formation of protein heterocomplexes in both mitochondrial membranes. The complexes, also defined as molecular machineries function as protein translocases importing proteins from the site of their synthesis in the cytosol to a given compartment of mitochondria (e.g. [1, [3] [4] [5] [6] [7] [8] [9] ). At the mitochondrial outer membrane, the import is mediated by the TOM complex (translocase of the outer membrane) and the TOB/SAM complex (sorting and assembly machinery/topogenesis of the mitochondrial outer membrane β-barrel proteins). The TOM complex is regarded as a general gateway for mitochondria, as the complex is not only responsible for the translocation of imported proteins across or into the outer membrane but also for decoding their targeting signals and subsequent sorting. The TOB/SAM complex receives imported proteins from the TOM complex and performs their integration and assembly into the outer membrane, including β-barrel integral proteins and other subunits of the TOM complex. Moreover, the endoplasmic reticulum membrane (ER) is connected to the outer membrane by the ER-mitochondria encounter structure (ERMES complex) that tethers the ER to mitochondria by the interaction with the TOB/SAM complex. The ERMES complex is involved in a plethora of mitochondrial processes, including mitochondrial morphology and the assembly of β-barrel proteins into the mitochondrial outer membrane [10] [11] [12] [13] .
As recently summarized by Sokol et al. [14] , extensive studies of mitochondrial protein import using the model yeast Saccharomyces cerevisiae uncovered the canonical components of different translocases and provided detailed mechanistic and topological information about their function and interplay. The TOM complex of S. cerevisiae contains a channel forming subunit (Tom40), receptors for various classes of incoming precursor proteins (Tom20 and Tom70), an internal receptor for mitochondrial precursor proteins which also maintains the complex architecture (Tom22), and modulators of the complex assembly and stability (Tom5, Tom6, and Tom7). The TOB/SAM complex in turn, consists of a channel forming subunit (Tob55/Sam50), which cooperates with Sam35/Tob38 and Sam37/Mas37 in the recognition, transport and integration of β-barrel proteins into the membrane. Additionally, the TOB/SAM complex associates with Mdm10, which is specifically required in late stage of the TOM complex assembly. Mdm10 is also crucial to the ERMES complex. In the complex, Mdm10 and Gem1 are connected with the help of Mdm12 and Mdm34 (termed also Mmm2) to the ER integral membrane protein Mmm1 [10, 15, 16] .
Mitochondrial protein import complexes, including the TOM and TOB/SAM complexes, are of modular construction. This means that each complex contains subunits formed by proteins common to all eukaryotes and additional subunits that have been added over time and are regarded to be lineage specific [1, [17] [18] [19] [20] . Available data indicate that the subunit organization of the TOM and TOB/SAM complexes of animals and plants is more or less similar to those described for S. cerevisiae [14, 21] . For example, besides Tob55/Sam50, the plant TOB/SAM complex contains Metaxin being an orthologue of Sam37/Mas37 [21] whereas in the case of human TOB/SAM complex, Metaxin-2 is an counterpart of Tob38/Sam35 while Metaxin-1 and Metaxin-3 are counterparts of Mas37/Sam37 [14] . Contrariwise, in the case of other eukaryotes the differences are more pronounced. Consequently, the commonly occurring subunits of the TOM and the TOB/SAM complexes are Tom40 and Tob55/Sam50, respectively, both forming channels of β-barrel topology [22] [23] [24] [25] . Additionally, Tom7 is generally present in mitochondria of representative organisms from the major phylogenetic lineages, but the presence of other Tob/Sam and Tom proteins remains elusive. On the other hand, it is suggested that the ERMES complex subunits, with the exception of Gem1, occur concomitantly in representatives of different phylogenetic lineages. Accordingly, the ERMES complex subunits identified in S. cerevisiae have been shown to be lost in animals and plants but are present, in fungi, and in some protists such as slime molds classified as representatives of the Amoeoboza [12] .
Given the polyphyletic character of protists, the historic division of eukaryotic organisms into four kingdoms of Plantae, Animalia, Fungi, and Protista has been replaced by a new system that consists of six large supergroups, namely Chromalveolata, Excavata, Archaeplastida, Rhizaria, Amoebozoa, and Opisthokonta [26] [27] [28] . The Amoebozoa is regarded as a sister clade to Opisthokonta, involving fungi and animals. Recent molecular studies divide the Amoebozoa into two major subclades, Lobosa and Conosa, with possibly a third lineage, Breviatea [29] . As summarized by Fiz-Palacios et al. [30] , Lobosa is divided further into two subdivisions: Discosea and Tubulinea whereas Conosa is subdivided into three: Variosea, Archamoebea, and Mycetozoa or slime molds.
Since little investigation has been done on Amoebozoa mitochondrial protein import complexes, we investigated the complexes at the genome and transcriptome levels. Several genomes and transcriptomes of amoebozoans representing the different subclades and subdivisions of Amoebozoa were analyzed for subunit organization of the TOM, TOB/SAM and ERMES complexes. The obtained results indicate differences in organization of the Amoebozoa complexes, in regards to the number of involved subunits and their amino acid sequences. Moreover, despite the proposed close relationship between Opisthokonta and Amoebozoa, some of the predicted TOM subunits displayed the highest similarity to the cognate proteins of plants and Excavata. Furthermore, the predicted TOM complex subunits do not seem to support the proposed systematic division of the Amoebozoa, whereas the subunits of the TOB/SAM and ERMES complexes appear to confirm the division.
Results

Amoebozoans differ in organization of the TOM complex
The "orthodox" TOM complex of Saccharomyces cerevisiae consists of Tom70, Tom40, Tom22, Tom20, Tom7, Tom6 and Tom5 [14] . Search of the reference protein sequences (see Additional file 1: Table S1 ) against the proteome, transcriptome, and genome of A. castellanii resulted in finding five out of seven canonical subunits of the TOM complex, i.e. Tom7, Tom20, Tom22, Tom40 and Tom70 ( Table 2) . Most of the proteins were identical to proteins deposited in the GenBank, namely Tom7 (XP_004340925, 64 amino acids (AA)), Tom20 (XP_004333415, 273 AA), and Tom40 (ADZ24223 and XP_004337172, 361 AA). The sequence encoding Tom70 (907 AA) differed slightly from the sequence stored in GenBank under accession number XP_004339622 (898 AA) (Additional file 1: Figure S1A ). Although the sequence of annotated gene XP_004353494 was identical to our predicted Tom22 (Tom22 A), we noticed a potential in-frame START codon 78 nucleotides upstream of the annotated coding DNA sequence (CDS) (Additional file 1: Figure  S1B) . Interestingly, the resulting extra peptide seems to be a signal peptide as suggested by SignalP analysis [31] . However, the signal sequence is different from the import signal of the model Tom22 identified for Neurospora crassa [32] . Intruigingly, there was a second copy of the Tom22 gene in the A. castellanii genome. As shown in Additional file 1: Figure S1C , it also appeared to contain 78 nucleotides upstream of the annotated CDS (XP_004358239). Although located on an "unplaced" scaffold, the gene was clearly distinct from Tom22 A encoding gene, and RNA-seq data demonstrated its expression. Interestingly, the open reading frame of the second gene resulted in a protein (Tom22 B) of amino acid content (158 AA) comparable to the canonical one, due to a frameshift resulting in a premature stop codon as compared to Tom22 A encoding gene. Although the number of synonymous changes between Tom22 A and Tom22 B encoding genes exceeds the number of nonsynonymous changes (d N /d S = 0.69), both codon-based Fisher's exact tests of selection and codon-based Z-test of selection (p = 1 and p = 0.574, respectively) suggest that the difference is not significant. Therefore, a neutrality hypothesis cannot be rejected. In the case of A. proteus the genome sequence is not available. Therefore, the transcriptome (AP_RNASeq) was used to perform similarity searches and three Tom proteins were found ( Table 2) ; namely, Tom20 (281 AA), Tom40 (283 AA) and Tom70 (911 AA).
The available genomes (Table 1 ) and protein datasets were also used to perform similarity search analysis of the TOM complex subunits of D. discoideum, D. purpureum, D. fasciculatum and P. pallidum. For the slime molds, we found Tom7, Tom20, Tom40 and Tom70 (Table 2) , although Tom7 was only predicted for D. discoideum (XP_639342, 55 AA) and P. pallidum (EFA78398, 54 AA). The identified sequences of Tom7 were in agreement with previously published data [33, 34] [35] .
In the case of E. dispar and E. nuttalli, the similarity searches were also performed against protein datasets as well as genomic data ( Table 1 ). As shown in Table 2 , Tom20 and Tom70 were found only in E. dispar (Tom20: XP_001735368, 339AA; Tom70: XP_001734716, 912 AA). Yet, Tom40 was found both for E. nuttalli (XP_001738477, 284 AA) and E. dispar (EKE41251, 284 AA). The latter was identical to the sequence previously detected by Wojtkowska et al. (2012) [35] .
Summing up, the number of predicted subunits of the TOM complex varied among the studied amoebozoans. The highest number was observed for A. castellani (five subunits) and the lowest for E. nuttalli (one subunit). Accordingly, the TOM complex of E. dispar and A. Bold letters denote transcriptome sequences assembled by us for this study a [60, 61] proteus as well as D. fasciculatum and D. purpureum appeared to contain three subunits, whereas the complex of D. discoideum and P. pallidum were predicted to consist of four subunits. Importantly with the exception of A. castellanii, all complexes appeared to be depleted of Tom22.
The studied amoebozoans differ in organization of the TOB/SAM complex
The canonical TOB/SAM complex of S. cerevisiae is reported to contain Tob55/Sam50 and two additional proteins called Tob38/Sam35 and Mas37/Sam37, regarded as counterparts of plant and mammalian Metaxins [14, 21] . Therefore, in addition to Tob38/Sam35 and Mas37/ Sam37, we used Metaxins in BLAST searches. It is also known that the TOB/SAM complex interacts with Mdm10, which is a member of the ERMES complex (see below). Similarity searches against AC_RNASeq (see Additional file 1: Table S1 ), combined with searches within the available protein datasets of A. castellanii as well as the genomic data (Table 1) , resulted in the identification of Tob55/Sam50 and Metaxin (Table 3 ). The sequence encoding Metaxin was different from the sequence stored in GenBank under accession number XP_004337900 (275 AA). The Metaxin amino acid sequence based on our transcriptome data was longer (296 AA) and contained two additional insertions of 18 and 3 amino acids (Additional file 1: Figure S1D ). An analogous difference was observed for A. castellanii Tob55/Sam50. The sequence stored in GenBank under accession number XP_004341043, (376 AA) differed from the protein revealed by AC_RNASeq analysis. The latter was longer by 21 residues (446 AA in total) and contained two additional insertions of 44 and 26 amino acids (Additional file 1: Figure S1E ). As shown in Table 3 , analysis of AP_R-NASeq resulted in the identification of A. proteus Metaxin (294 AA) and Tob55/Sam50 (459 AA).
Tob55/Sam50 and Metaxin were also identified for all studied slime molds (Table 3) ; namely, D. discoideum (Metaxin: XP_642848, 293 AA; Tob55/Sam50: XP_646058, 396 AA), D. fasciculatum (Metaxin: XP_004350689, 291 AA; Tob55/Sam50: XP_004358880, 394 AA), D. purpureum (Metaxin: XP_003295116, 284 AA; Tob55/Sam50: XP_003286951, 386 AA), P. pallidum (Metaxin: EFA79921, 283 AA; Tob55/Sam50: EFA83834, 296 AA). Tob55/ Sam50 of D. discoideum, D. purpureum, and P. pallidum were identical with sequences previously predicted by Wojtkowska et al. [35] .
In the case of E. dispar and E. nuttalli (Table 3) , available protein datasets and genomic data analysis resulted only in the detection of Tob55/Sam50, EDR22802 (371 AA) and EKE39562 (371 AA), respectively. The sequence of E. dispar Tob55/Sam50 was identical to the sequence predicted by Wojtkowska et al. (2012) [35] . Table 2 The identified subunits of the studied Amoebozoa TOM complex
ND indicates proteins not detected in all datasets. Bold numbers denote sequences determined in this study
The obtained results indicated that in the case of the studied amoebozans, the organization of the TOB/SAM complex was similar and included Tob55/Sam50 and Metaxin. However, it should be noted that the E. nuttalli and E. dispar TOB/SAM complexes did not contain Metaxin.
The studied amoebozoans differ in organization of the ERMES complex
The canonical ERMES complex of S. cerevisiae consist of Mdm10, Mdm12, Mdm34/Mmm2, Gem1 and Mmm1, the latter located in the ER membrane [11, 15, 16] . Similarity searches against AC_RNASeq (see Additional file 1: Table S1 ), combined with searches of available protein data sets of A. castellanii as well as the genomic data indicated the presence of all subunits of the ERMES complex; namely, Mdm10, Mdm12, Mdm34/Mmm2, Mmm1 and Gem1 (Table 4 ). The sequences predicted for Mdm10 (402 AA), Mdm12 (240 AA) and Mdm34/Mmm2 (245 AA) displayed no differences when compared to the sequences stored in GenBank under the accession numbers of XP_004352736, XP_004340225 and XP_004340163, respectively ( Table 4) . The sequence encoding Gem1 (610 AA) and based on transcriptome data differed from a sequence already stored in GenBank under the accession number of XP_004356731 (586 AA). The former contained additional 23 amino acids close to the N-terminus (Additional file 1: Figure S1F) . Surprisingly, Mmm1 (327 AA) was found only using the AC_RNASeq data but not with the genome data. This strongly suggests some gaps in the assembled reference genome (GenBank assembly accession: GCA_000313135.1). In the case of AP_RNASeq, the performed analysis enabled only for the identification of Mmm1 (569 AA) and Gem1 (711 AA).
Available protein datasets and genome data of the studied slime molds confirmed the presence of all canonical subunits of the ERMES complex ( Table 4 . Genome data analysis was used to identify Mdm34/Mmm2 of P. pallidum. The sequence detected for P. pallidum genome turned out to be part of a sequence stored in GenBank under the accession number of EFA86204 (also mentioned by [12] ). However, the predicted protein contained 351 AA, whereas the EFA86204 appeared to include 862 AA. Importantly, with the exception of Gem1 of D. purpureum, Mdm10 of D. discoideum and Mdm12 of D. purpureum, all the other subunits of the ERMES complex were previously detected by Flinner et al. (2013) [12] , and were identical to those identified by us.
As shown in Table 4 , similarity searches performed against protein datasets as well as genomic data for E. dispar and E. nuttalli indicated only the presence of Mmm1, in the case of E. dispar (XP_001734312, 474 AA).
Thus, the obtained data suggested that the organization of the ERMES complex is not the same for the all the amoebozoans studied, as A. proteus and E. dispar appeared to undergo a strong reduction of the complex subunit content whereas E. nuttalli seemed to be depleted of the complex.
The predicted subunits of the studied complexes display different levels of amino acid sequence conservation
To estimate the amino acid sequences diversity of the predicted subunits between and within the distinguished groups of the Amoebozoa (i.e. amoebas, slime molds and entamoebas) phylogenetic trees were built (Additional file 1: Figure S2 ). The phylogenetic analysis of the amoeba Tom20 and Tom70 proteins (Additional file 1: Figures S2A and C) did not support the grouping of A. castellanii and A. proteus together as well as indicated some level of amino acid sequence variability in the case Table 3 The identified subunits of the studied Amoebozoa TOB/SAM complex ND indicates proteins not detected in all datasets. Bold numbers denote sequences determined in this study of slime molds, particularly for D. discoideum Tom20 and D. fasciculatum Tom70. However, in many cases the bootstrap values were rather low causing these groupings not to be reliable. This is most likely the result of a low sequence similarity between the analyzed proteins or imperfect sequence sampling and consequently the very weak phylogenetic signal. However, for Tom40 we observed that amoebas (A. castellanii and A. proteus), slime molds (D. discoideum, D. purpureum and D. fasciculatum and P. pallidum) and entamoebas (E. dispar and E. nuttalli) grouped together although the entamoeba proteins appeared to be distinctly different from the rest of the analyzed Tom40 proteins (Additional file 1: Figure S2B ).
In the case of the TOB/SAM complex (Additional file 1: Figures S2D and S2E) , both Metaxin and Tob55/Sam50 appeared to be well conserved within amoebas (A. castellanii and A. proteus), and slime molds (D. discoideum, D. purpureum, D. fasciculatum and P. pallidum). The same applied to Tob55/Sam50 of entamoebas (E. nuttalli and E. dispar). However, Metaxin of A. catellanii and A. proteus as well as Tob55/Sam50 of E. nuttalli and E. dispar seemed to be distinctly different from the rest of the analyzed proteins. Thus, the phylogenetic analysis of these proteins showed on the one hand their difference from the other amoebozoan cognate proteins and on the other hand their distinct similarity within a given group of amoebozoans.
For the predicted subunits of the ERMES complex we observed that Mmm1 of A. castellanii and A. proteus did not group together (Additional file 1: Figure S2I ) although they were located quite close to each other, that suggests some similarities in amino acid sequences. Contrary, Gem1 of A. castellanii and A. proteus grouped together in the phylogenetic analysis (Additional file 1: Figure S2J ). In the case of the slime mold ERMES complex (Additional file 1: Figure S2F -J) grouping of the predicted subunits was obtained between D. purpureum and D. discoideum as well as D. fasciculatum and P. pallidum [35] . Thus, the predicted subunits displayed distinct similarity within groups of slime molds (D. purpureum, D. discoideum, D. fasciculatum and P. pallidum) and amoebas (A. castellanii and A. proteus).
To summarize, the obtained results suggested that the predicted subunits of the TOB/SAM and ERMES complexes displayed a high level of conservation within amoebas (A. castellanii and A. proteus), slime molds (D. discoideum, D. purpureum, D. fasciculatum and P. pallidum) and entamoebas (E. nuttalli and E. dispar). However, in the case of the TOM complex the predicted subunits differed in amino acid sequences within the group of amoebas and slime molds.
The intron-exon gene structure of the predicted proteins reflects the diversity of the studied amoebozoans Transcriptome and genome sequence availability made it possible to define the gene structures for A. castellanii, D. discoideum, D. purpureum, D. fasciculatum, P. pallidum, E. dispar, and E. nuttalli (Additional file 1: Figure S3) . The results were summarized in Table 5 . Since it has been shown that most of the orthologous genes shared between D. discoideum and E. histolytica are also shared with plant, animal, and fungal genomes [36, 37] , the table also includes model eukaryotic organisms representing fungi, animals and plants.
As shown in Table 5 , the genes coded for Tom7 and identified for A. castellanii, D. discoideum, and P. pallidum contained no introns (Additional file 1: Figure   Table 4 The identified subunits of the studied Amoebozoa ERMES complex ND indicates proteins not detected in all datasets. Bold numbers denote sequences determined in this study S3A). The same was observed for the gene encoding Tom7 of A. thaliana and S. cerevisiae, whereas the gene of H. sapiens consisted of three exons. For genes encoding Tom20 of the studied amoebozoans various numbers of exons were detected (Additional file 1: Figure S3B ); namely, seven for A. castellanii, two for D. discoideum, D. fasculatum and D. purpureum, six for P. pallidum and one for E. dispar. In the case of S. cerevisiae, the gene contained one exon, whereas for H. sapiens and A. thaliana the number of exons was comparable, (five and six, respectively). Two genes encoding Tom22 were detected only for A. castellanii and they both consisted of a single exon as in the case of S. cerevisiae and A. thaliana, whereas the gene of H. sapiens contained four exons. The gene coding for Tom40 (Additional file 1: Figure S3C ) of A. castellanii, D. discoideum, and D. purpureum, consisted of four exons. In the case of D. fasciculatum and P. pallidum, the gene contained three exons but in the case of E. dispar and E. nuttalli, consisted of only one exon. The lack of introns was also observed for the S. cerevisiae gene, whereas H. sapiens and A. thaliana genes contained ten and eleven exons, respectively. The Tom70 gene exhibited large variations in length and numbers of exons (Additional file 1: Figure S3D ). The gene of A. castellanii displayed the presence of twenty-one exons, whereas the gene of D. discoideum, D. purpureum and D. fasciculatum contained two and three exons, respectively. The P. pallidum gene contained seven exons, whereas the gene of E. dispar was without introns, similar to the gene of S. cerevisiae. Interestingly, just as for A. castellanii, multiple exons were detected for A. thaliana and H. sapiens Tom70 (thirteen and twelve, respectively).
Multiple exons were also predicted for the A. castellanii Metaxin gene (Additional file 1: Figure S3E ) and the Tob55/Sam50 gene (Additional file 1: Figure S3F ). The genes consisted of ten and eight exons, respectively (Table 5 ). For D. discoideum and D. purpureum, the gene encoding Metaxin contained two exons, whereas the number of predicted exons for the D. fasciculatum and P. pallidum genes was four and three, respectively. As S. cerevisiae do not possess the Metaxin gene, the number of exons was determined only for the H. sapiens and A. thaliana genes containing eight and six exons, Table 5 The exon numbers in genes encoding the identified subunits for the studied complexes of Amoebozoa and representatives of fungi, animals and plants
, P. pallidum (P. p), E. dispar (E. d) and E. nuttalli (E. n). Minus sign denotes the lack of data enabling determination of the exon numbers respectively. The Tob55/Sam50 encoding gene of D. discoideum contained three exons but the gene of D. purpureum and D. fasciculatum contained four exons, and the gene of P. palldium five exons. For E. dispar and E. nuttalli two exons were detected in the gene (Additional file 1: Figure S3F ) whereas the gene of H. sapiens and A. thaliana consisted of fifteen and four exons, respectively.
As shown in Table 5 , the canonical subunits of the ERMES complex were analyzed for S. cerevisiae and the studied amoebozoans with the exception of Gem1, which has been proven to be the only subunit of the complex present in nearly all multicellular eukaryotes [12] . Interestingly, all the analyzed genes for S. cerevisiae consisted of only one exon. The gene encoding Mdm10 contained four exons for A. castellanii and three exons for P. pallidum, whereas for D. discoideum, D. fasciculatum and D. purpureum the gene contained only two exons (Additional file 1: Figure S3G ). The gene encoding Mdm12 of A. castellanii consisted of seven exons, but for P. pallidum the number of exons was three, whereas the D. discoideum, D. fasciculatum and D. purpureum cognate genes contained two exons (Additional file 1: Figure S3H ). The gene for Mdm34/Mmm2 protein of A. castellanii contained three exons, whereas the D. discoideum, D. fasciculatum, D. purpureum and P. pallidum genes harboured two exons (Additional file 1: Figure S3I ). The predicted exon-intron structure of Mmm1 gene indicated higher number of exons for A. castellanii and D. fasciculatum (five and four respectively) when compared with the predicted number of three exons for the rest of the studied slime molds (Additional file 1: Figure S3J ). Interestingly, Mmm1 encoding gene of E. dispar contained no introns. The gene encding Gem1 contained thirteen exons in the case of A. castellanii, seven for D. fasciculatum, six exons in the case of D. purpureum and P. palldium, and five for D. discoideum (Additional file 1: Figure S3K ). Multiple exons were detected for the A. thaliana and H. sapiens Gem1 gene, namely fourteen and twenty, respectively.
To summarize, the predicted number of exons for genes encoding subunits of the TOM, TOB/SAM and ERMES complexes appeared to be consistent within group of slime molds (D. purpureum, D. discoideum, D. fasciculatum and P. pallidum) and entamoebas (E. dispar and E. nuttalli). Moreover, the number of predicted exons supported the position of amoebozoans between fungi and multicellular eukaryotes observed in the phylogenetic trees [35] . Interestingly, the number of exons predicted for entamoeba genes was most similar to that of S. cerevisiae, whereas A. castellanii seemed to be more similar to plants and animals.
Phylogenetic position of the predicted subunits of the TOM, TOB/SAM and ERMES complexes
Since Amoebozoa is regarded to be the most closely related to Opisthokonta, which includes Choanozoa, animals and fungi, we would expect the predicted subunits of the TOM, TOB/SAM and ERMES complexes to be most similar to the cognate proteins of fungi, choanozoa and animals. Therefore, we collected proteins of other organisms, which displayed highest sequence similarity to the predicted amoebozoan subunits of the TOM, TOB/SAM and ERMES complexes (Tables 6, 7 , and 8, respectively). In regards to the TOM complex, highest similarity to Opisthokonta proteins was observed for predicted Tom7, Tom22, and Tom70 although the cognate proteins represented different Opisthokonta lineages. However, Tom22 predicted for A. castellanii showed only week similarity to known Tom22 sequences as e-value obtained for the best match (XP_011141090) was 1.8 (not shown in Table 6 ). Unexpectedly, the predicted Tom20 displayed highest similarity to the Archaeplastida (plant) proteins. The same was true for Tom40 of A. castellanii and D. discoideum. Moreover, Tom40 of E. dispar and E. nuttalli was most similar to the Excavata protein. However, the data collected for the TOB/ SAM and ERMES complexes indicated that the predicted subunits showed highest similarity to the cognate proteins of Opisthokonta usually representing the same Opisthokonta lineage. The data appeared to confirm results of phylogenetic analysis of the predicted subunits of the studied complexes (Additional file 1: Figure S2) , indicating the highest level of amino acid sequence diversity for Tom proteins.
Discussion
The TOM, TOB/SAM and ERMES complexes have been intensively studied in Saccharomyces cerevisiae applied as a model system to explain mechanisms of their contribution to mitochondria biogenesis (e.g. [14] ). However, there is still not enough data to address the evolutionary aspects of the import machinery functioning. Differences in the subunit organization of the complexes have been observed for representatives of different phylogenetic lineages but for representatives of the same clade (supergroup) grouped into distinct subclades and divisions the issue is not so well known. Accordingly, the Amoebozoa represent one of the systematic groups that are poorly sampled for mitochondrial protein import complexes. Importantly, the Amoebozoa encompass taxa of both biomedical and evolutionary importance, yet its genomic, transcriptomic diversity remains largely unsampled.
Bioinformatic analyses demonstrated the presence of Tom40, Tom60, a novel lineage-specific receptor protein, and Tob55/Sam50 in Entamoeba species [17, 34, 35, 38] . Table 6 The highest similarity reference for sequences of the identified TOM complex proteins to the applied reference sequences ND denotes not detected. Numbers indicate the highest similarities in the Amoebozoa group with: 1: KM655837 A. castellanii; 2: ADZ24223 A. castellanii; 3: XP_639342 D. discoideum, EFA78398 P. pallidum; 4: EFA78398 P. pallidum, XP_639342 D. discoideum; 5: XP_642798 D. discoideum, EFA80126 P. pallidum; 6: XP_004352318 D. fasciculatum, XP_642798 D. discoideum; 7: XP_642798 D. discoideum; 8: EFA80126 P. pallidum, XP_642798 D. discoideum However, it should be noted that most entamoebas are pathogentic species which posses mitosomes instead of mitochondria with dramatically reduced import machineries [25, 39] . This fact notwithstanding, Entamoeba dispar and Entamoeba nuttalli are not pathogenic and are now recognized as separate species from pathogenic Entamoeba histolytica and Entamoeba invadens [40] . For Acanthamoeba castellanii, only the presence of Tom40, Tom7, Tob55/Sam50 and Tom70 has been reported so far [34, 35] . In the case of the slime mold TOM and TOB/SAM complexes, available data indicate the presence of Tom40, Tom22, and Tom7 as well as Tob55/ Sam50 for Dictyostelium discoideum [17, 33, 35, 41] , Tom7, Tom40 and Tob55/Sam50 for Pollysphondylium pallidum [34, 35] , and Tom40 and Tob55/Sam50 for Dictyostelium purpureum [35] . On the other hand, the presence of the ERMES complex subunits, i.e. Gem1, Mdm10, Mdm12, Mdm34/Mmm2 and Mmm1 (with some exceptions) has been shown for Dictyostelium discoideum, Dictyostelium fasciculatum, Dictyostelium purpureum and Pollysphondylium pallidum [12] . Therefore, we performed analysis of genome and transcriptome sequences available for different amoebozoans as a verification of the attainable data to build a more coherent picture of the Amoebozoa protein import complexes in the mitochondrial outer membrane. The studied organisms represent different subclades and subdivisions of the Amoebozoa [30] . A. castellanii Table 7 The highest similarity reference for sequences of the identified TOB/SAM complex proteins to the applied reference sequences ND denotes not detected Table 8 The highest similarity reference for sequences of the identified ERMES complex proteins to the applied reference sequences ND denotes not detected. Numbers indicate the highest similarities in the Amoebozoa group with: 1: XP_647338 D. discoideum, F1A505 D. purpureum, EGG25101 D. fasciculatum, EFA85557 P. pallidum; 2: EGG25101 D. fasciculatum, EFA85557 P. pallidum, XP_647338 D. discoideum, F1A505 D. purpureum; 3: F1A505 D. purpureum, XP_647338 D. discoideum, EGG25101 D. fasciculatum, EFA85557 P. pallidum; 4: EFA85557 P. pallidum, EGG25101 D. fasciculatum, XP_647338 D. discoideum, F1A505 D. purpureum and A. proteus represent Lobosa (Discosea and Tubulinea, respectively), whereas the remainder belong to Conosa: D. discoideum, D. purpureum, D. fasciculatum and P. pallidum are classified as Mycetozoa and E. dispar and E. nuttalli as Archamoebea.
The obtained results indicate differences in subunit organization of the studied complexes even in the case of representatives of the same subclade and subdivision (Tables 2, 3, and 4) . The TOM complex of the studied amoebozoans appeared to contain one to five subunits. Consequently, the only subunit identified for all TOM complexes studied is Tom40. The latter is the only identified subunit of the E. nuttalli TOM complex, although the E. dispar TOM complex is shown to contain Tom20, Tom40 and Tom70. The slime mold TOM complexes are predicted to contain three to four subunits. The obtained data indicate the presence of Tom20, Tom40 and Tom70 in all complexes. The absence of Tom7 is observed for D. purpureum and D. fasciculatum, whereas the protein is present in the D. discoideum and P. pallidum TOM complexes. Accordingly, the TOM complex of A. proteus appears to contain three subunits (Tom20, Tom40 and Tom70), while in the case of A. castellanii the available data indicate the presence of five subunits (Tom7, Tom20, Tom22, Tom40 and Tom70) ( Table 2 ). Less diversity is observed for the ERMES complex. All the postulated subunits of the complex, i.e. Mdm10, Mdm12, Mdm34/Mmm2, Gem1 and Mmm1, the latter being ER membrane protein (e.g. [12] ), are found for the slime molds. The same applies to the A. castellanii ERMES complex. However, the A. proteus ERMES complex does not contain Mdm10, Mdm12, Mdm34/Mmm2. Moreover, the complex appears not to be present in E. nuttalli, and only the presence of Mmm1 is observed for E. dispar (Table 4) . Thus, the ERMES complex does not appear to be present in all representatives of the Amoebozoa [12] . On the other hand, the predicted organization of the TOB/SAM complex appears to be identical for all studied amoebozoans with the exception of the entamoeba complex, which lacks Metaxin (Table 3 ). However, it should be emphasized that sequences of the involved proteins could have changed significantly in the course of evolution resulting in proteins difficult to identify in silico and/or some of the proteins could have been replaced by components not yet determined [42] .
Interestingly, the number of the TOM complex identified subunits is highest in the case of A. castellanii. Accordingly, the A. castellanii TOM complex includes Tom22, not present in the other amoebozoans. The presence of the protein has been suggested for D. discoideum (e.g. [17, 33, 38, 41] ), but has not been confirmed till now (P. Dolezal, personal communication). The putative A. castellanii Tom22 which is identical to the sequence deposited in GenBank as XP_004353494 contains 413 amino acids. Importantly, canonical Tom22 of S. cerevisiae (GenBank gi: 285814523) has a molecular weight of 16.8 kDa and consists of 152 amino acids. Therefore, out of two Tom22 candidates detected in this study, the shorter form (Tom22 B) resembles the canonical one better than the longer form (Tom22 A). However, both forms display high sequence similarity in the shared region and without further experiments it is impossible to decide which of the forms is active member of the TOM complex.
On the other hand, we observed differences between A. castellanii Tob55/Sam50, Metaxin and Gem1 proteins predicted with the aid of AC_RNASeq analysis and available protein datasets for A. castellanii [43] . As shown in Supplementary file (Additional file 1: Figure S1 ), all the predicted proteins display a high level of amino acid sequence identity, although simultaneously differ by the presence of unique blocks of amino acid sequences. Thus, the amino acid sequences of Metaxin, Tob55/Sam50 and Gem1 are longer than those deposited in GenBank (XP_004337900, XP_004341043 and XP_004356731, respectively). The discrepancies may be due to sequencing and/or assembly errors on both sites.
The way of clustering of the studied proteins in phylogenetic trees (Additional file 1: Figure S2 ) suggests that the analyzed Tom proteins differ in amino acid sequences within the group of amoebas (A. castellanii and A. proteus) and slime molds (D. discoideum, D. purpureum, D. fasciculatum and P. pallidum). However, the predicted subunits of the TOB/SAM complex display a high level of conservation within amoebas (A. castellanii and A. proteus), slime molds (D. discoideum, D. purpureum, D. fasciculatum and P. pallidum) and entamoebas (E. nuttalli and E. dispar). The same applies to subunits of the ERMES complex within the groups of slime molds (D. purpureum, D. discoideum, D. fasciculatum and P. pallidum) and amoebas (A. castellanii and A. proteus). Interestingly, the predicted subunits of the TOB/SAM and ERMES complexes display highest similarity to the cognate proteins of Opisthokonta (Tables 7 and 8 ). This is in agreement with the proposed close relationship between the Opisthokonta and the Amoebozoa [26] [27] [28] . However, in the case of some Tom proteins, a similarity to plant and Excavata proteins is also observed (Table 6) . Altogether, the data confirm the diversity of Tom proteins and higher similarity of subunits of the TOB/SAM and ERMES complexes. This constitutes an interesting issue from the evolutionary perspective as it addresses the problem of mitochondrial protein import machinery variability within currently defined supergroups of eukaryotes. The Amoebozoa comprises a wide variety of amoeboid and flagellate organisms with single cells of various sizes that have adopted different lifestyles and live in different environments. Thus, taking into account the TOM complex localization and function, it can be speculated that the complex contributes importantly to adaptation evolution and its variability results from the natural selection. The variations observed between representatives of different supergroups are regarded to mirror the early diversification of eukaryotes [44] . By analogy, in the case of a given supergroup, it may provide important information concerning its branches. On the other hand, it is suggested that ERMES subunits occurred concomitantly in unikonts, including Opisthokonta and Amoebozoa [45] , and then were lost in animals and plants, but are still present in representatives of Amoebozoa [12] . Our result indicate that the reduction may also apply to amoebozoans although it is difficult to explain at least for A. proteus as in the case of entamoebas it may result from conversion of their mitochondria to mitosomes.
As mentioned above, the amino acid sequence of the predicted proteins (Tables 2, 3 , and 4) differ between and within the studied groups of amoebozoans, i.e. amoebas, slime molds and entamoebas (Additional file 1: Figure S2 ). Therefore, we performed an analysis of intron-exon structure of the putative genes and compared the obtained results to the data of fungi, plants and animals known to share orthologous gene families with the Amoebozoa representatives [37] . It should be noted that the canonical subunits of the ERMES complex, with the exception of the Gem1 protein, are lost in plants and animals [12] . As shown in Additional file 1: Figure S3 and summarized in Table 5 , the analyzed genes display high diversity in regards to the predicted number of exons and consequent number of introns. The numbers seem to be distinctive for a given group of the studied amoebozoans, rather than for a given gene. Moreover, the number of predicted exons seems to support the phylogenetic positioning of the amoebozoans between fungi and multicellular eukaryotes represented by A. thaliana (plants) and H. sapiens (animals). The determined number of exons for entamoeba genes is most similar to that which is known for S. cerevisiae, whereas A. castellanii appears to be more similar in the respect to plants and animals. Accordingly, the existence of multiple exon structures in the case of A. castellanii, constitutes a very interesting issue from the point of view of the species evolution. Because of its life style A. castellanii can be defined as a phagotroph. The group of organisms encounters a rich and diverse supply of foreign DNA that provides opportunity for lateral gene transfer [46] . Indeed, A. castellanii genes have an average of 6.2 introns per gene, among the highest known in eukaryotes although it has been shown that these events have been very rare for A. castellanii [43] . On the other hand, it is known that different species have evolved considerably different intron-exon structures and these, in turn, are correlated with the evolution of genomes and are constrained by functional properties of intron splicing processes [47] . These imply different regulation of protein expression at the level of splicing supporting an adaptation to a given life style. Correspondingly, A. castellanii is the only parasite among the studied amoebozoans and differ from the other studied amoebozoans by multiple exon structure. Nevertheless, the obtained results seems to support the division of the amoebozoans into subclades of Conosa (and further into Archamoebea and Mycetozoa, represented by entamoebas and slime molds, respectively) and Lobosa (represented by A. castellanii (e.g. [30] ).
Interestingly, the obtained results indicate reduced organization of the TOM, TOB/SAM and ERMES complexes in the case of E. dispar and E. nuttalli, particularly pronounced for E. nuttalli (Tables 2, 3 , and 4). It has been shown that extreme reduction of the mitochondrial protein import apparatus is characteristic for mitosomes, being metabolically specialized forms of mitochondria which evolved as a response to anaerobic and partly parasitic lifestyles in diverse eukaryotic lineages (e.g. [41] ). As a matter of fact, the presence of mitosomes has been proven for E. invadens and distantly related E. histolytica. Moreover, the presence of mitosomes has been suggested for all Entamoeba spp. [41, 48] . Accordingly, the genomes of E. dispar and E. nuttalli contain genes for the proteins found in mitosomes of E. histolytica and E. invadens, and presumably, all of these species have mitosomes, although convincing data are not yet available (Graham Clark, personal communication). The organization of the TOM and TOB/SAM complexes of E. nuttalli strongly resembles those described for E. histolytica [34, 41] . In contrast, proteins predicted for E. dispar indicate a less advanced reduction of the complexes that may reflect a less advanced transition between mitochondria and mitosomes.
Conclusions
In this study, we presented comprehensive bioinformatic analyses of the TOM, TOB/SAM and ERMES complexes of the Amoebozoa representatives based on searching of available genome and transcriptome data. The obtained results clearly demonstrate structural variability/diversity of these complexes in the Amoebozoa lineage and the reduction of their complexity as compared with the same complexes of model organisms. The results contribute to the evolutionary discussion on mitochondrial protein import mechanism, especially concerning the elimination of proteins involved in crucial stages of the process and the possibility of the protein replacement by new, functionally equivalent ones.
Methods
The studied amoebozoans
The organisms studied were as follows: Acanthamoeba castellanii and Amoeba proteus (Lobosa; Discosea and Tubulinea, respectively), Dictyostelium discoideum, Dictyostelium purpureum, Dictyostelium fasciculatum and Polysphondylium pallidum (Conosa; Mycetozoa), as well as Entamoeba dispar and Entamoeba nuttalli (Conosa; Archamoebea). Table 1 summarizes the availability of data concerning sequences of their genome and transcriptomes.
Acanthamoeba castellanii and Amoeba proteus cell cultures and isolation of total RNA Cells of Acanthamoeba castellanii (strain Neff ) were cultured at 28°C, in an axenic environment in the standard medium described by Neff [49] , with some modifications: 1.5 % proteoso-pepton, 0.15 % yeast extract, 30 mM MgCl 2 , 30 mM FeSO 4 , 27 mM CaCl 2 , 1.5 % glucose, 2.5 mg/l vitamin B12, 1 mg/l vitamin B1, 0.2 mg/l vitamin H. Cells in the trophozite stage were collected in the intermediary phase after 48 h and were frozen in liquid nitrogen and homogenized in TRIzol reagent (Invitrogen). Total RNA was isolated according to the manufacturer's instructions (Invitrogen). DNaseI was added to eliminate remaining genomic DNA. The absence of DNA was confirmed by PCR and agarose gel electrophoresis.
Amoeba proteus cells were cultured in KCM medium (7 mg/l KCl, 8 mg/l CaCl 2 , and 8 mg/l MgSO 4 x 7H 2 O) at 25°C and fed with Tetrahymena pyriformis twice a week. To avoid contamination of the T. pyriformis, the medium was changed daily. A. proteus cells were starved seven days before total RNA isolation performed as described above for A. castellanii.
A. castellanii and A. proteus cDNA preparation, sequencing and assembly of transcriptomes cDNA was prepared using a mRNA-Seq Sample preparation Kit (Illumina) and according to the manufacturer's instructions. Sequencing of the cDNA, i.e. mRNA-Seq of A. castellanii (AC_RNASeq, Buczek et. al, unpublished data) and A. proteus (AP_RNASeq, Sonobe et al., unpublished data) were performed on the HiSeq 2000 platform (Illumina) with 36 bp single end reads and 101 bp paired ends, respectively. The obtained raw reads were subjected to quality control analysis using standard tools provided by Illumina. Over 219 million of A. castealanii reads and 129 million of A. proteus reads were obtained. In the case of A. castealanii we were able to map raw reads to the existing genome with 65 % rate and 0.5 % mismatch rate. After removal of poor quality sequences (about four per cent), short reads were assembled using Trinity RNA-Seq [50] with the following parameters: −-SS_lib_type FR for A. proteus (AP_TRANS), F for A. castellanii (AC_TRANS) and for the both organisms -min_contig_length 300.
Identification/prediction of proteins
To find the best annotated protein sequences for subunits of the TOM, TOB/SAM and ERMES complexes, keyword searches against the NCBI (http://www.ncbi.nlm.nih.gov/) and Pfam (http://pfam.sanger.ac.uk/) databases were performed. First, sets of well-known sequences from different species representing various eukaryotic lineages (Additional file 1: Table S1 ) were used as queries in tBLASTn searches [51] against the transcriptome of A. castellanii with variable e-values (from 10 −3 to 1). For proteins which were not identified by tBLASTn, a HMMER search based on Hidden Markov Models was performed [52] . In the case a reference sequence showed a significant similarity to several contigs, a sequence with the longest potential CDS was selected. Such a CDS was further confirmed by a reciprocal BLAST against NCBI nr database and/or pfam domain search. To translate transcripts to the protein sequences the ExPASY server was used and for each sequence different reading frames were checked to find the longest and more likely sequences of TOM, TOB/SAM and ERMES subunits [53] . The amino acid sequences of putative proteins were subjected to a BLASTp [51] search in order to compare the sequences with available protein datasets of A. castellanii [43] . To find previously un-annotated proteins, a tBLASTn search against the available genome of A. castellanii was performed.
Subsequently, proteins identified for A. castelanii were used in a tBLASTn search against sequenced transcriptomes of A. proteus and for a BLASTp search against the protein datasets of Dictyostelium purpureum, Dictyostelium discoideum, Dictyostelium fasciculatum, Pollysphondylium pallidum, Entamoeba dispar and Entamoeba nuttalli. For proteins, which were not identified by the analysis, tBLASTn algorithm was used against the available genomes of D. discoideum, D. purpureum, D. fasciculatum, P. pallidum, E. dispar and E. nuttalli. Finally, reference sequences from various eukaryotic lineages (Additional file 1: Table S1 ) were used to identify proteins not found by the previously applied methods.
The intron -exon gene structure analysis
The intron/exon gene structures were determined by SPLIGN [54] . The gene sequences were aligned by the Multiple Sequences Alignment (MSA) -program MUSCLE 3.8.31 [55] . The predicted exons were mapped to protein sequences and then AlignExIn, an in-house tool was implemented (www.bioinformatics.uni-muenster. de/tools/alignexin/).
